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Abstract 

It is shown that an accelerating expansion of the present- 
day Universe extracted from observed luminosity of the 
type la supernovae can be explained by quantum the- 
ory which takes into account feedback coupling between 
geometry and matter (like in Mach's principle). At the 
same time an accelerating expansion of the Universe is 
explained by the influence of small negative cosmologi- 
cal constant. A comparison with the model with positive 
cosmological constant (dark energy) which also has ob- 
tained its theoretical grounds in a structure of the devel- 
oped formalism is made. Parameters of the Universe in 
the states with large quantum numbers are calculated. 



1. INTRODUCTION 

An analysis of possible reasons for the observed weak 
luminosities of the type la supernovae (SNe la) at cosmo- 
logical redshift z w 0.5 012] demonstrates that this phe- 
nomenon cannot be put down to nonstandard evolution 
of their luminosity, absorption effects of an interstellar 
dust, gravitational lensing and other physical processes 
which are not connected with the overall expansion of 
the Universe as a whole (see discussion in [3] E El)- I n 
accordance with the principles of general relativity the 
observed dimming of the SNe la can be interpreted as 
an evidence of an accelerating expansion of the present- 
day Universe. Phenomenological models which are used 
herewith suppose an existence of nonzero cosmological 
constant in the Universe treated as vacuum energy den- 
sity or hypothetical cosmological liquid with negative 
pressure (so-called dark energy [HI El)- The models of 
such type allow to describe the available dataset on the 
distance moduli of the SNe la depending on redshift by 
fixing free parameters (e.g. from a \ 2 statistic). 



Providing a formal agreement with modern astrophys- 
ical observational data (SCP 0, HST @j and WMAP 
|S] projects) phenomenological models come across dif- 
ficulties in questions of principle when trying to find a 
theoretical explanation for the values of their own free 
parameters and their physical motivation. Among the 
fundamental problems available here it is possible to pick 
out the cosmological constant problem, a task to deter- 
mine the nature of dark energy and a puzzle concerning 
the coincidence between the contributions from dark en- 
ergy Six ~ 0.7 and dark matter J1m ~ 0.3 to the total 
energy density nowadays 00151 El- It is assumed that 
in order to solve them one should exceed the limits of 
modern cosmology built on the principles of general rel- 
ativity ma ed eg . 

In the present article the problem of an accelerating 
expansion of the Universe is analysed within the frame- 
work of cosmological quantum model El EI El E]< 
The main feature of this approach lies in taking into ac- 
count possible feedback coupling between geometry and 
matter. This coupling should be taken into consideration 
when one studies the processes in which the Universe ap- 
pears as a whole (on the scales that exceed significantly 
the size of the superclusters of galaxies, > 200 Mpc). 

Quantum model of the Universe characterized by 
nonzero vacuum energy density, p vac ^ 0, which takes 
into account feedback coupling between geometry and 
matter, allows to describe numerically the observed de- 
pendence of the distance moduli of the SNe la on z in 
the whole range of redshift measured values |5| with the 
same accuracy that is achieved within the limits of the 
phenomenological model with positive cosmological con- 
stant in classical cosmology. The latter also receives its 
theoretical grounds in the structure of developed formal- 
ism. 

2. Quantum geometrodynamics in the 
minisuperspace model 

2.1 Motivation 

An available current experimental dataset allows to 
state that quantum theory describes adequately prop- 
erties of various physical systems. The universal valid- 
ity of quantum theory demands that the Universe as a 
whole must obey quantum laws too. The quest for these 
laws falls into the realm of research of quantum cos- 
mology. Since gravity dominates on cosmological (very 
large) scales any consistent formalism of quantum cos- 
mology must contain quantum theory of gravity. Driving 
forces that give reasons for quantum gravity research are 
not restricted to aspirations to obtain a unified theory 



of all interactions, search for mathematical consistency, 
or determination of origin and nature of space and time 
(a review of motivations from different points of view on 
the problem one can find, e.g., in J7j). There exist the 
problems which remain unsolved in standard model of 
the hot Universe and which, as it seems today, cannot 
be solved without appeal to quantum cosmology. 

It is generally accepted that the early stage of an expo- 
nential expansion of the Universe within the framework 
of inflationary scenario of classical cosmology withdraws 
the horizon problem, directs the density parameter Q 
to unity and explains the absence of registration acts 
of monopoles, topological defects and etc. by very low 
density of these relics. But a number of problems re- 
mains outside the limits of inflationary model. Among 
them there are the mystery of origin of primordial fluctu- 
ations of energy density, explanation of time arrow and 
determination of initial conditions of the evolution of the 
Universe Besides this, it is established nowadays 

that certain problems are solved by inflationary model 
in unproper way or these problems can be avoided at all 
or solved differently |161 119j . For instance, the horizon 
problem is in fact directly connected with the physical 
processes in the Planck era [20] and therefore one should 
appeal to quantum gravity in order to solve it. The 
flatness problem can obtain its solution within quantum 
description in Planck time as well |21|. 

Inflationary scenario does not allow to tackle the prob- 
lem of presence of singularities in quantum cosmology 
|19| . Inflation cannot be continued infinitely into the 
past, mainly because the flat de Sitter metric becomes 
geodesically incomplete then [221 - The main achieve- 
ment of inflationary model is, as it is widely accepted, 
an opportunity to obtain the Universe with current pa- 
rameters (such as size, energy density contrast, age 
etc.) starting from the natural Planck values for dif- 
ferent quantities (so-called small bang). However, the 
same result can be achieved in quantum cosmology as 
well ^3 , which does not contradict with inflation- 
ary paradigm at this point. Let us note that inflationary 
model itself needs quantum cosmology for its motivation, 
namely in order to ensure the long enough duration of 
the inflation period (determined by numerical coefficient 
in exponent) which would agree with observations |18| . 

Since cosmology considers the Universe as a system 
with very large scales, while quantum phenomena are 
typical for microscopic systems, then a combination of 
words quantum and cosmology may seem contradictory. 
It is commonly accepted that quantum effects of grav- 
ity take place at Planck length scales Lp = yjGKjc? ~ 
I0~ 33 cm, while the space-time structure at large scales 



will be classical automatically. Such point of view is 
motivated only if a consistent quantum theory of grav- 
ity exists within whose framework the small parameter 
Lp/L, where L is some typical length in the Universe, 
can be introduced and an appropriate perturbation the- 
ory can be constructed, and from the latter it follows 
that quantum effects are negligibly small for Lp/L <C I 
|17|. But an assumption that quantum effects of gravity 
are small neglects completely the possibility of their non- 
perturbative character, while if one takes it into account 
that could provide in particular quantum field theory 
with an appropriate cut-off. 

But it should be noticed that quantum effects are not 
a priori restricted to certain scales. Rather the processes 
of decoherence (when the coherent superposition of the 
states turns into incoherent one; interference effects are 
absent) through the environment can explain why quan- 
tum effects are negligible or important for an object un- 
der consideration [251 l2"fl 125] . 

Since nowadays a consistent quantum theory of grav- 
ity has not been formulated, a research here is conducted 
in a few directions. The method of canonical quantiza- 
tion of constraint systems proposed by Dirac |26| pro- 
vides a basis for the theory developed in this article. 

The structure of constraints which describe the evo- 
lution of intrinsic geometry and extrinsic curvature of 
spacelike hypersurface in space-time is such that true 
dynamical degrees of freedom cannot be distinguished 
explicitly from quantities which determine hypersurface. 
This leads to famous problems in interpretation of quan- 
tum geometrodynamics constructed on the basis of the 
Wheeler-DeWitt equation 27 . The main reason for 
these difficulties is that there is no predetermined way 
to identify spacetime events in generally covariant the- 
ories (i.e. one cannot measure the metric, but only the 
geometry) . 

In order to solve the problem mentioned above an 
approach related to the notion of a medium which de- 
termines the reference frame 1 (so-called reference fluid) 
seems promising [3U1 OH] E21 EH] ■ The problem here lies 
in finding an appropriate medium (an additional source 
in the Einstein equations) which, when quantizing in 
Dirac's formalism, would lead to functional Schrodinger 
type equation. Variables which describe a medium (the 
reference frame is considered as a dynamical system) 
mark spacetime events. They play the role of the canoni- 
cal coordinates which determine embedding in surround- 

1 Application of material reference frames has a long history. 
They were used already by Einstein 1281 and Hilbert 29 , but in 
somewhat idealized form which did not take into account a back 
action of material reference frames on geometry. 
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ing spacetime, while new constraints turn out to be lin- 
ear with respect to momenta canonically conjugate with 
the medium variables. Such an additional source is in- 
troduced in the action and determines in particular the 
time variable. The invariance of action here remains un- 
broken. 

The replacement of the Wheeler-DeWitt equation by 
the functional Schrodinger type equation allows to intro- 
duce the positive-definite conserved inner product and to 
advance essentially in constructing of consistent quan- 
tum theory of gravity. But a discovery of corresponding 
(physical) medium, which defines the reference frame, 
is a nontrivial task in itself. In Refs. 1141 1151 HB] 
this problem was solved in terms of the minisuperspace 
model. We shall consider this case in more detail. 

2.2 Main equations 

Just the same as in ordinary nonrelativistic and rela- 
tivistic theories it is possible to assume that the prob- 
lem of evolution and research into the properties of the 
Universe as a whole can be reduced to solution of a par- 
tial differential equation which determines eigenvalues 
and eigenfunctions of some Hamiltonian-like operator (in 
the space of generalized variables whose roles are played 
by metric tensor components and matter fields). For 
simplicity we restrict our study to the case of minimal 
coupling between geometry and matter. Taking into ac- 
count that scalar fields play fundamental roles both in 
quantum field theory (see, e.g., [31]) and in cosmology of 
the early Universe [SS1EE1EZ1, we assume that the Uni- 
verse is filled ah initio by primordial matter in the form 
of a scalar field 4> with some potential energy density 

We suppose that the Universe as a whole is homoge- 
neous, isotropic and spatially flat, and a scalar field 4> is 
uniform. The geometry of such a Universe is determined 
by the famous Robertson- Walker metric - From the 
principle of least action it follows the constraint equa- 
tion ^1^11351, 5S/5N = 0, where S is a corresponding 
action functional, and TV is a lapse function that speci- 
fies the time reference scale and plays the role of a La- 
grange multiplier in the ADM formalism 00], which is 
the Einstein- Friedmann equation for the (q) component. 

The structure of the constraint is such that true dy- 
namical degrees of freedom cannot be singled out explic- 
itly. In the model considered, this difficulty is reflected 
in that the choice of the time variable is ambiguous (so- 
called problem of time). In order to solve this problem 
in general relativity it will be enough to supplement the 
field equations with a coordinate condition which does 



not change the Einstein equations themselves, but only 
specifies the spacetime platform from which one observes 
the gravitational field (the enlarged system of constraints 
is no longer first class and it is possible to eliminate non- 
dynamical variables). But this method does not allow to 
solve the problem of time for a quantum description 30 . 

Therefore we shall use another approach in which a co- 
ordinate condition is imposed prior to varying the action 
functional and included in it with the aid of a Lagrange 
multiplier. Parametrization of the action functional (see, 
e.g., EH ^2) restores its coordinate invariance ex- 
pressing it in arbitrary coordinates. At the same time 
the privileged time coordinate introduced by means of 
the coordinate condition is adjoined to the field vari- 
ables and takes the role of the medium variable which 
determines the reference frame. 

We will choose the coordinate condition in the form 

T' = N, (1) 

where T is the new field variable (the privileged time co- 
ordinate) , while differentiation with respect to arbitrary 
variable (conformal time or arc parameter) r\ is denoted 
by a prime, the parameter r\ is related to the synchronous 
proper time t by the differential equation dt = Nadrj, a 
is a cosmological scale factor. 

We shall include the coordinate condition Q in the 
action functional with the aid of a Lagrange multiplier 
P and obtain the modified action of the minisuperspace 
model in the conventional form 

S-mod = J dr) [ita a' + n<t> $ + P T' — 7VH] , (2) 

where ir a and 7r^ are the momenta canonically conjugate 
with the variables a and <fi, and 

H=i (-rt + l4-a a + a*V(<j>)) +P (3) 

is the Hamiltonian to within multiplier N. Here and be- 
low we give all relations between dimensionless units. 
The length is taken in units of the modified Planck 
length l P = ^2Gft/(37rc 3 ) = 0.744 x 10~ 33 cm, the en- 
ergy density is measured in units of pp — 3c : / (8irGlp) — 
1.627 x 10 117 GeV cm" 3 and so on. 

The variation of the action (0 with respect to N leads 
to the constraint equation 

6S mod /5N = => H = 0. (4) 

The parameter T can be used as an independent variable 
for the description of the evolution of the Universe both 
in classical and quantum cosmology [TS| . 
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In quantum theory the constraint equation Q , in ac- 
cordance with a procedure proposed by Dirac [21], comes 
to be a constraint on the wavefunction '5 , 

id T ^ = H^, (5) 

with a Hamiltonian-like operator 

H= 1 -(d 2 a -^dl-a* + a*V(^y (6) 

where we have introduced the operators P = —i 8t, 
ir a = —id a and ir^ = —id$, which satisfy the ordinary 
canonical commutation relations, [T,P] = i, [a,iv a ] = i, 
[4>, 7T^] = i, while others vanish. 

The wavefunction W depends on a cosmological scale 
factor a, a scalar field <f> and time coordinate T. One 
can introduce, at least formally, a positive definite scalar 
product (VP | VP) < oo and specify the norm of a state. 
This makes it possible to define a Hilbert space of phys- 
ical states and to construct quantum mechanics for the 
model of the Universe being considered. 

Equation (J5J has a particular solution with separable 
variables 

* = ei BT V> E , (7) 

where the wavefunction ip& satisfies the time- 
independent equation 

(-d 2 a + ^dl + U-Eji/; E = 0, (8) 

and 

U = a 2 - a A V(4>) (9) 

can be interpreted as an effective potential. 

The function ipE is specified in space of two variables, 
a and <f>. In classical approximation the eigenvalue E de- 
termines the components of the energy-momentum ten- 
sor 

~ E ~ ~ ~ E 
1 2 3 ~ 3^' 

T£ = for fj, ^ u, (10) 

which in the case E > describes an additional source of 
the gravitational field in the form of relativistic matter of 
an arbitrary nature. Equation (JSJ formally turns into the 
Wheeler-DeWitt equation for the minisuperspace model 
[77| in the special case E — > 0. 



2. 3 Model of a scalar field 

The quantum state ipE depends on the form and nu- 
merical value of V((j>). We shall use the model of a scalar 
field which slowly (in comparison with rapid motion with 
respect to the variable a) rolls from some initial value 
4>start with the Planck energy density V(4> star t) ~ I 2 
to the equilibrium state <j) va c with the energy density 
Pvac = y{4>vac) "C 1. This constant density determines 
a cosmological constant A = 3p vac - At the next stage 
of the evolution the scalar field oscillates with a small 
amplitude near 4> vac under the action of quantum fluc- 
tuations. In such a model the motion with respect to cf> 
always will be finite. 

The analogous model of the scalar field was consid- 
ered for the first time in connection with inflationary 
scenario (see, e.g., j^HlEZI an d references therein) 3 . For 
inflationary model the presence of minimum in the func- 
tion V(4>) is of great importance. The oscillations of the 
scalar field near a state of equilibrium with subsequent 
transfer of energy of these oscillations to real particles 
allow to fill the Universe, which has become empty after 
the exponential expansion, with hot matter |36l I43j . 

2-4 Solution of the time-independent equation 

For positive definite function V{4>) an effective poten- 
tial U as a function of a has a form of barrier. In this 
case the Universe described by equation (JSJ can be both 
in continuum states with E > and quasistationary 
ones which correspond to complex values E = E n + i T n , 
where E n > 0, T„ > and r„ < E n [THE!. Quasista- 
tionary states are the most interesting since the Universe 
in such states can be described by the set of standard 
cosmological parameters (Hubble constant, deceleration 
parameter, mean energy density, density contrast, ampli- 
tude of fluctuations of the cosmic microwave background 
radiation temperature and so on) |lfi| . 

Taking into account that a motion with respect to a in 
the early Universe is supposed to be rapid in comparison 

2 The evolution of the Universe in time can be considered in 
accordance with classical conceptions starting from this value of 
the energy density 

3 We shall note that in light of the coincidence problem (the 
contributions from dark energy and dark matter to the total energy 
density in the Universe have the same order of magnitude), the 
model of quintessence - it is a scalar field tp of special type with 
potential energy density V(</>) modeled by different functions (see, 
e.g., review - is widely discussed in the literature. There is a 
fundamental difference between the quintessence ip and the scalar 
field <j> of the model being considered in this article. The field <j> 
models primordial matter which is a source of real matter 42 , 
including the quintessence ip (if it really exists). The question 
concerning the relation between the fields <j> and ip goes beyond 
the scope of this article and will not be considered further. 
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with the slow variation of the state of the scalar field we 
find that the wavefunction ^ of quasistationary state, 
considered as a function of a at fixed field <f>, has a sharp 
peak and it is concentrated mainly in the region limited 
by the barrier JjJJ 0211211 • Then following Fock gjj one 
can introduce an approximate function which is equal to 
exact wavefunction inside the barrier and vanishes out- 
side it. Taking into account finite motion with respect to 
</>, this function can be normalized and used in calcula- 
tions of expectation values of observed parameters. Such 
an approximation does not take into account exponen- 
tially small probability of tunneling through the barrier 
U in the region of large values of a, where a 2 V > 1 
(141 IT?)j . It is valid for calculations of mean observed 
parameters of the Universe within its lifetime in given 
quasistationary state 4 when this state can be considered 
as stationary one. Here we have a close analogy with 
the corresponding conclusions of ordinary quantum me- 
chanics 03] • In the region of large values of a outside the 
barrier the WKB approximation is valid ^3] an d the so- 
lution of equation JSJ can be written in an explicit form 

[UElElEn]. 

Let us consider the solution of equation (jSJ in the 
approximation of finite motion with respect to variables 
a and <f>. It is convenient to expand the wavefunction ipg 
on the basis of the functions (a\n) of oscillator 

(-d 2 a +a 2 -el)\n)=0, (11) 

where a > 0, e„ = 4n + 3, n = 0, 1, 2, . . . is a number of 
state. This expansion has the form 

yj E = \n)U (12) 

71 

Functions satisfy the set of differential equations 

3|/n + ~^*Wn'=0 (13) 

n 

with the kernel 

K nn ,(ct>;E) = (n\a 2 \n') [e° n - E]-{n\a«\ri) V(4>). (14) 

In classical theory the gravitational field is determined 
by the spacetime metric 0^1 • According to i|ll|) the 
states (a\n) will describe geometrical properties of the 
Universe as a whole in quantum theory. A motion 
with respect to a can be quantized. The correspon- 
dent equidistant spectrum of energy has the form E n = 

4 At V < 10" 122 this time can reach the values close to the age 
of our Universe 1161 . 



rap (N + i), where top is the Planck mass, and N — 
2n + 1 gives the number of elementary quantum exci- 
tations of the vibrations of oscillator |H) . Mass of ele- 
mentary excitations of geometry coincides with mass of 
known Markov maximons which are particle-like forma- 
tions with the Planck mass 5 . 

3. Universe in the states with large quantum 
numbers 

Bearing in mind future application of the developed 
formalism to the interpretation of astrophysical observa- 
tional data for our Universe we shall consider the cosmo- 
logical equations obtained above in the approximation of 
large quantum numbers. 

Direct calculations ^3 demonstrate that in the 
quantum model of the Universe with the slow-roll poten- 
tial energy density V(4>) the first quasistationary state 
emerges when the density reaches the value V = 0.08. 
This state is characterized by finite values of energy den- 
sity, p ~ pp, and scalar curvature, R ~ lp 2 , while the 
singular state with p ~ oo and R ~ oo is excluded from 
consideration as non-physical. 

When V(4>) decreases to the value V <C 0.1, the num- 
ber of available states of the Universe increases up to 
n 3> 1. Before the instant when the scalar field reaches 
its equilibrium state <j) vac the Universe may get into the 
state with the number «> 1. Really, the origin of new 
quantum levels and the (exponential) reduction of the 
width of the states that have emerged earlier lead to a 
competition between the processes of tunneling through 
the potential barrier U from a given n-th state and al- 
lowed transitions between the states, n — ► n ± i, where 
i = 1,2 |141 116|. A comparison between the probabil- 
ities of these processes demonstrates that the process 
n — * ri + 1 appears to be the most probable. Such tran- 
sitions are realized at the expense of energy of the scalar 
field accumulated in the state 4> start- 

Taking into account an explicit form of the matrix 
elements (n'\a 2 \n) and (n'|a 6 |n), we find that in the lim- 
iting case n ^> 1 the set of equations (|T3^I is reduced 
to one equation in the approximation f n w f n ±j , where 
j = 1,2,3. This approximation preserves the orthogo- 
nality of the states with respect to quantum number (s) 
that characterizes the field (j>. 

Equation for /„ as a function of new variable x = 
y/m/2 (2iV) 3 / 4 ((f> — <j) vac ) which describes the deviation 

5 Let us remind that the notion about massless gravitons as 
gravitational field quanta was introduces within the framework of 
the theory constructed in weak gravitational field approximation 
(gravitational waves). It is obvious that for cosmologically signifi- 
cant effects this approximation is not valid. 
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of the field ci> from the equilibrium value <f> vac haw the 
form 

[dl + z- v(x)] f n (x) = 0, (15) 

where we denote z = (y/2N/m) (1 - E/(2N)), v(x) = 
(27V) 3 / 2 V(4>)/m, and m is some parameter. It is con- 



venient to choose m 2 



> 0. We shall 



assume that the density V(<f>) near the point 4> vac is a 
smooth enough function. Then expanding v(x) into Tay- 
lor's series near the point x = 0, we obtain 



v(x) = v(0) + x 2 + a x 3 + x 4 + 



(16) 



where 



a 



V2 



m -5/2 (2Ar) -3/4 ffivfr)] 



Since N ~ n ^> 1, then \a\ <§; 1 and \/3\ <§C 1, and equa- 
tion (|15|l with the potential ((16(1 can be solved using the 
perturbation theory for stationary problems with a dis- 
crete spectrum. We take for the state of the unperturbed 
problem the state of the harmonic oscillator described by 
equation 1)15(1 with the potential 1(16(1 for a = j3 = 0. As 
a result we obtain 



z = 2s + 1 + v(0) + Az, 



(17) 



where s — 0, 1, 2, . . . is number of the states of the field 
4>, Az takes into account its self-action (an explicit form 
of Az is given in 02]). The spectrum of energy states of 
the field <j> has the form M' = M + AM, where 



M 



(18) 



and AM = mAz/2. One can demonstrate that the fol- 
lowing estimation is valid 



AM 



C 1 at s > m 



(19) 



Hence it appears that at large enough values of s one can 
neglect the self-action of the field <f>. It is reasonable to 
interpret M 1(181) as a quantity of matter/energy in the 
Universe represented in the form of a sum of elementary 
quantum excitations of the vibrations of the field </> near 
the equilibrium state <j) vac with the masses m; s is the 
number of such excitations. For instance, for m ~ 1 GeV 
the condition (jT§|) is satisfied at s > 10 38 . Assuming s ~ 



10 80 (the equivalent number of baryons in our Universe) 
we obtain a restriction on mass of quantum excitations 
from below, m > 10~ 21 GeV. 

Taking into account the relation between z and E, 
from 117(1 we obtain the expression for the eigenvalue 



E = 2N - (2N) 2 p vac - 2V2NM'. 



(20) 



The wavefunction of the Universe in the state with large 
quantum numbers, n> 1, s» 1, has the form 



ip E (a,<f>) 
where 

<Pn{a) 



<Pn(a)f ns {<t>), 



2N+1 



1/4 



m {2N f/ 2 
2(2s+ 1) 



cos (y/2N~- 

1/4 



la 



ttN 



(21) 



(22) 



(23) 



cos 
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(2s + 1) - (27V) 3 / 2 (^ 



A 1 _ — 

™vac) 2 



These functions are normalized to unity in the ranges 



< a < a c and 0_ 
turning points 

a c = V2N + 1, 



< 



< 



limited by the classical 



± 



2(2s + l) 
m(2A0 3 / 2 



1/2 



for corresponding oscillator potentials. Beyond these 
ranges an exact wavefunction decreases exponentially. 
Here a perfect analogy with the normalization of qua- 
siclassical functions in quantum mechanics may be ob- 
served (see, e.g., 07]). 

Taking into account that the mean value of the scale 
factor (a) in the state ((21(1 is equal to 



1 



(a) = - VWTl, 



(24) 



we come to a conclusion that v{x) in equation 1(15(1 is 
the potential energy of the scalar field contained in the 



Universe with the volume 



and the variable x 2 



characterizes the deviation squared of the field <f> from an 
equilibrium state in such a volume. Thus equation lTl"5|) 
describes the stationary states which characterize the 
scalar field 4> in the Universe as a whole. The quantities 
v(x), x 2 and M are its overall characteristics. 

Taking 1(241) into account, the condition 1(20(1 can be 
rewritten in the form of feedback coupling relation be- 
tween geometrical and energetic characteristics of the 
Universe 

E 



M ■ 



4(a) 



(25) 
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where we discard a small addition AM and take into 
consideration that N ^S> 1. Here the second summand 
on the right describes the energy of relativistic matter, 
while the third term gives the contribution from the vac- 
uum of the scalar field. 

Equation (|25[) can be interpreted as one of possible im- 
plementations of famous Mach's principle Indeed, 
passing to dimensional quantities we obtain 

GM 

c 2 K ~ ' 

where M. and 1Z are measures of mass (without taking 
gravitational interaction between bodies into account) 
and radius of the observed part of the Universe. This re- 
lation follows from the Lense-Thirring effect in general 
relativity as well. In this connection the Universe ap- 
pears like a huge system which tracks and adjusts its pa- 
rameters according to feedback coupling condition (|2"51) 
(see also HD). 

4. Cosmological models 

Using the relation for mean values of a product of 
operators 



where t is the synchronous proper time, while averag- 
ing is performed over the state ips normalized in a way 
indicated above, from equation © one can pass to the 
relation between expectation values. Assuming that the 
mean (a) in such a state determines the scale factor in 
classical description in general relativity, we obtain the 
Einstein-Friedmann equation in terms of mean values 




1 d(a) 
(a) ~dT 



{p) w> 



where 

(p) = 



{-df) + (V) 



E 



(26) 



(27) 



is the mean total energy density. In this equation the dis- 
persion <7 2 = (a 2 ) — (a) 2 and the higher-order moments 
with respect to deviation of a from its mean value (a) 
are not taken into account. For the problems considered 
in the present article they can be neglected. 

The mean total energy density in the state (|21J) equals 

to 



, . M E 



where 7 = 193/12 is a numerical coefficient which ap- 
pears in calculation of expectation values of the oper- 
ators of the kinetic and potential parts of the energy 
density of the scalar field in expression (|27|l . The mean 
density is the sum of the energy density connected 
with matter (in the form of elementary quantum excita- 
tions of the vibrations of the scalar field near the equi- 
librium state ifivac), the vacuum energy density and the 
energy density of relativistic matter. 

Taking (|28|1 into account, equation i|26|) can be rewrit- 
ten in the form of relation for the Hubble constant 
H = (l/(a)) (d(a)/dt) as a function of the cosmologi- 
cal redshift z = aa/{a) — 1, 

H 2 {z)/Hl = fi M (l + z) 3 + n vac + (29) 

+ n R (i + z) i + (i-no)(i + z) 2 , 

where 

lM „ p„ nr „ E 



alHr 



Pvac 



a H 



are the components of the total energy density f2 = 
Q M + tt vac + il R at z = 0, a = (a) z=0 , H = H(0). 
If the quantity M is assumed to be constant, then ex- 
pression (|29|l will describe the evolution of the Universe 
in the model with a cosmological constant (MCC) repre- 
sented in terms of mean values. If one establishes a direct 
correspondence between classical values and correspond- 
ing mean values, then such a model will be equivalent to 
the model with a cosmological constant of classical cos- 
mology 9 . In this case the feedback coupling between 
geometry and matter given by relation l|25|l is not taken 
into consideration. 

Account for (|25|) in l|28(l leads to the mean energy den- 
sity 6 



\P) = TT9 + Pvac + Prad, 

W 

where we denote 

Pvac = (1 - 47) Pvac, / 



(30) 



ad ~( l 1) (a) 4 



(28) 



Dependence of the Hubble constant on z in the model 
with the feedback coupling (MFC) which has no ana- 
logue in classical cosmology takes the form 

H 2 {z)/Hl = h M (l + zf + Q vac + h R (l + z)\ (31) 

6 Since relation 1251 connects overall characteristics of the Uni- 
verse, then the energy density in the form I3UI describes only its 
properties as a homogeneous system on very large scales. The 
density 1301 . for instance, cannot be used in calculation of fluc- 
tuations of the density near the mean value (p), which lead to 
formation of visible structures in the Universe. It is necessary to 
use the representation 1281 in order to study such processes. (See 

also rm .i 



7 



where the components with tildes 
7 - 1 

= -2772' = C 1 _ 4 7) ^i- 

a -H 



satisfy the obvious equality 

f2jVf + ^»oc + &r — 1. 
The total energy density at 2 = equals to 

£1m 



n = i + 



7-1' 



(32) 



(33) 



Equation l|26|> with the density (|30[1 can be integrated 
in an explicit form. Neglecting the contribution from 
relativistic matter we find 

<«} = ^ (l + v /lT^){e^ At - (34) 

_ { < y„ 

where At = t — t in is time interval counted from some 
initial value tj„, when the scale factor is equal to Oi„ = 
(a)t=t 4n ; C 2 = (7 - l)/(/=wa 2 „)- From this it follows 
that 



If one knows i? (z) it is possible to calculate the lumi- 
nosity distance di, to a source with redshift z, 



dz 
H(zj 



(35) 



at Slo > 1- hi the limiting case f2o — » 1 relation (|35|l de- 
scribes the luminosity distance in the spatially flat Uni- 
verse. Distance modulus fj, = m — M (here m and M 
are apparent and absolute magnitudes respectively) can 
be calculated with the help of the equation [3~8"| 



/i = 51gd L + 25, 
where dh is taken in units of megaparsecs. 



(36) 
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where dots denote the second derivative with respect to 
time t. 

According to in the epoch, when \Jp vac At <C 1, 
the law of evolution of the Universe must be close to 
linear, (a) « y/j — 1 At. If for some redshift range 
^/p V ac At ~ 1, then the Universe during the expansion 
on this time interval tends on average to an exponential 
regime, namely the expansion is realized with an accel- 
eration. 

Taking into account available current astrophysical 
data, it is interesting to apply the theory developed 
above to calculation of parameters of our Universe. Be- 
low we consider the matter-dominant era, when the con- 
tribution from ~ 10 -4 can be neglected. 

5. Parameters of the Universe 

5.1 Distance modulus of a source 



Fig. 1. Dependence of distance modulus fi 1361 on redshift z. The 
result of best fitting (according to the \ 2 fit statistics) of quantum 
model 1311 (with the parameter £l va c = —0.0075) using SNe la 
data (dots) 5 is shown as a solid line. Model with a cosmological 
constant 1291 is represented as a dotted line (for a flat Universe 
with Q va c = 0.71). 

In Fig. 1 we show the results of fitting (from a x 2 
statistic) of the theoretical models (MCC and MFC) for 
observed distance modulus /iasa function of z for 156 
type la supernovae |£ with "high-confidence" spectro- 
scopic and photometric record for individual source (gold 
SNe la in terminology of 0). For MCC JHJ} (dotted 
curve) the best agreement between theory and observed 
data at 0.0104 < z < 1.755 is achieved for Q, vac = 0.71 
with h = 0.65, x 2 = 178, X 2 do f = MCC has tw0 

free parameters (f2g — 1 an d Qvac)- In this part our cal- 
culation agrees with results represented in |Sj . The value 
h = 0.65 coincides with the Hubble constant which was 
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obtained in El D] according to dataset on supernovae 
at z < 0.1 7 . 

In the case of MFC JST} (a solid line in Fig. 1) the best 
agreement between theory and SNe la observational data 
is achieved at the value £l vac = 0.48 which corresponds 
to the density parameter 

fl vac = -0.0075, (37) 

with h = 0.65, x 2 = 181, xlof = L17 - MFC has only one 
parameter (0, vac )- Taking into account a degree of reli- 
ability of spectroscopic and photometric measurements 
of distant sources and their possible adjustment in the 
future 8 , one can conclude that both models describe dis- 
tance modulus of SN la considered as a function of red- 
shift z practically with the same accuracy. A suscep- 
tibility level of the x 2 fit statistics can be judged from 
the following example. For h = 0.664 we obtain 
n vac = 0.76 at x 2 = 184, xlof = L20 for MCC and 
h vac = 0.56 (il vac = -0.0088) at x 2 = 189, xlof = L22 
for MFC. These numbers are close to mentioned above. 

5.2 Energetic and geometrical scales 

In the case of MCC the density parameter VL vac < 
and |0„ oc | <C l 9 - This component of energy density 
forms the negative cosmological constant. At (|37[l it 
is equal to A = —1.1 x 10~ 58 cm~ 2 . This value is in 
good agreement with the available experimental data, 
|A| < 10- 56 cm" 2 0. 

The total energy density (|33l) equals to fio = 1.03. 
It means that in the redshift range under consideration 
the Universe must look like spatially flat (to within < 
4 %). The theoretical value of the density gets within 
the uncertainty limits for this value, f2o = 1-02 ± 0.02 
[5], obtained from the combined data of the available 
astronomical observations. 

The scale factor in the current epoch for the obtained 
value of the parameter Qm = 0.52 turns out to be equal 
to ao = 24721 Mpc. The same value can be obtained 
directly from the solution l)34|l . This number is consid- 
erably larger than the correspondent Hubble distance, 

^Attachment of additional data from WMAP experiment 
and HST project |3| gives h — 0.71^q'q2. Since in this article we 
consider the problem of accelerating expansion of the Universe in 
the light of information on SNe la only, then for self-consistent 
calculation the value of the Hubble constant which corresponds to 
these data should be used. 

8 Some of the data for 172 SNe la represented in 0] on May, 2003 
are not included in the new catalog due to their low confidence 
with respect to one of recorded parameters (details see in 151*1. 

9 Let us note that the idea of occupied levels with negative en- 
ergy 1511 leads to negative energy density as well 1521 . 



c/H = 4612 Mpc. Such correlation between them gives 
the physical reason why the density f2o is close to unity. 

Feedback coupling relation allows to estimate the total 
amount of matter (the sum of masses of bodies in the 
Universe taken separately, without taking their gravi- 
tational interaction into account, according to equation 
H18[) ~) in the present-day Universe. In dimensionless units 
this parameter and the scale factor are quantities of the 
same order of magnitude, 

M = 1-86 a . 

From here we obtain Mq = 9 x 10 57 g in CGS units. 

5.3 Time scale 

The time interval At counted from some instant of ex- 
pansion z = z in , taken as a reference point, to another 
instant fixed by observations with z < z in can be deter- 
mined using the famous expression which follows from 
the definition of Hubble constant, 

At{z) = r\i + d z) H (zy 

Assuming z = and z, n = 1.755, which corresponds 
to most distant source SN 1997ff among SNe la known, 
we obtain H o At(0) = 0.74 for MFC with the parameter 
IpTfjl and H At{0) = 0.71 for MCC with the parameters 
Qvac = 0.71 and Qq = 1. This leads to practically the 
same time intervals, At(0) = 11.1 x 10 9 years for MFC 
and At(0) = 10.6 x 10 9 years for MCC. Supposing that 
expressions (|29|l and (|31|l remain valid up to singular ini- 
tial state with z — oo, we receive Hgto — 1.23 for MFC 
and H t = 0.97 for MCC, where t = At(0)| Zl „ =oo is 
the age of the Universe, or to = 18.5 x 10 9 years for MFC 
and to = 14.6 x 10 9 years for MCC. Since the parameters 
of both models were fitted in the finite range of z, then 
these values can be used for illustrative purposes only. 
Assuming, for example, that in the range 1.755 < z < oo 
the Universe is described by MFC with tt vac = |4*3II33] . 
then in this case we have the numerical values of dimen- 
sionless time parameter and age of the Universe equal 
to H t = 1.10 and to = 16.5 x 10 9 years respectively. 
These numbers get within the experimental uncertainty 
range of correspondent parameters, 0.72 < H to < 1.17 
and 11 < to x 10 -9 years -1 < 17 UJ, obtained in the 
analysis of old stars under the assumption that stars 
were formed not earlier that z = 6. 

MFC predicts the distance to SN 1997ff equal to 
ro = cAt(0) = 3396 Mpc. This value lays between the 
distances r = 3317 Mpc and r = 5245 Mpc for sources 
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with z = 1 and z = 2 respectively calculated in [S3] for 
the astrophysical data in standard model with Qq = 1 
and normalization ao = c/Hq. Using the known rela- 
tion r(t) = X a (t)i where r(t) is a distance to a source 
at the instant of time t ""IB] , we obtain the value of the 
coordinate (angular distance) \ for the source SN 1997ff, 
X = 0.137. That is more than 20 times smaller than the 
maximum possible value Xmax = tt- 

5.4 Deceleration parameter 

Assuming that near z = the deceleration parameter 
q(z) — —d/(aH 2 (z)) can be approximated by the simple 
expression 

S (*) = 9 (0) + z(§)^ (38) 

and determining the free parameters q(0) and 
(dq/dz) z=Q from a x 2 statistic for SNe la, one can 
come to a conclusion [5] that the transition between 
the current epoch of accelerating expansion and previ- 
ous phase with cosmic deceleration may take place at 
z t = 0.46 ± 0.13, where q(z t ) = 0. At the same time 
q(0) restored by the gold sample of SNe la lays in the 
range from —1 to —0.5 (at the 68 % confidence level), or 
from -1.4 to -0.2 (at the 99 % confidence level). MCC 
with the parameters Sl vac = 0.71 and = 1 in the ap- 
proximation H38|) leads to the values q(0) = —0.57 and 
z t = 0.46. 

For MFC l|31|) . in approximation linear with respect 
to z 1(55)1 we obtain q(0) = —0.48 and Zt = 0.95. In 
other words both models predict an accelerating expan- 
sion of the Universe in the current epoch and a possible 
deceleration at z > 1. 

From the solution l|34|l it follows that the inflationary 
expansion of the Universe, theoretically, may be realized 
both in the early Universe (with the large enough value 
of Pvac) and in later epoch. This conclusion agrees with 
the point of view which is widespread nowadays that 
the present-day Universe goes through the period of in- 
flationary expansion again ""TO] ""0"j . (In MFC we have 
V'jw Ai(0) = 0.5 in the range 0.0104 < z < 1.755, 
that corresponds to observed SNe la.) 

Let us note that the linear approximation 1)38(1 may 
come to an agreement with the SNe la data at w < 
—0.5 in equation of state p — wp, where p is pressure 
(for MCC w = —1). The more refined models which 
take into account a possible dependence of w on z lead 
to nonlinear dependence of the deceleration parameter 
on redshift when processing the observational data for 
supernovae [5]. 



6. Conclusion 

In the present article we demonstrate that an acceler- 
ating expansion of the Universe observed nowadays for 
the SNe la data ""Q Gl E] may give the evidence in favour 
of presence of the small negative cosmological constant 
in it, A = —1.1 x 10 -58 cm 2 , and be the direct confirma- 
tion of the existence of the feedback coupling between 
geometry and matter on the scales that exceed signifi- 
cantly the size of the superclusters of galaxies anticipated 
by Mach's principle ""I5J . In quantum model of the Uni- 
verse this principle is not introduced from the outside as 
an additional condition. It is contained in the theory by 
itself in the form of the condition on eigenvalues E (|20|l . 
The parameters calculated in accordance with quantum 
mechanical principles are in good agreement with the 
observational data. In particular, quantum model does 
not contradict with an idea of the decelerating expan- 
sion of the Universe in the epoch z > 1. The largest 
possible distance between sources r max = irao = 77663 
Mpc in the Universe described by quantum theory can 
be compared with the effective particle horizon 14283 
Mpc calculated in [55] for the spatially flat Universe. 

Exceeding the bounds of the aim of the present pa- 
per we note that quantum cosmological model allows to 
solve dark matter problem and give a natural explana- 
tion for presence of one more additional component in 
the energy density in the Universe. Here matter com- 
ponent of the energy density is formed as a result of 
a dynamic process in which elementary quantum exci- 
tations of the vibrations of primordial matter (the uni- 
form scalar field in this article) decay into real (visible 
and invisible) matter mainly under the action of grav- 
ity |42l I54*| . These excitations themselves are uniformly 
distributed in space. They practically do not interact 
between themselves and do not make clusters with real 
matter, i.e. they have properties ascribed to invisible 
(dark) energy [ffl El E| > with the exception of negative 
pressure, perhaps. Properties of elementary quantum 
excitations of the vibrations of primordial matter allow 
to identify them with invisible energy for better reason 
then with invisible matter. The percentage of matter 
and energy components in the total energy density can 
be made consistent with observations on the reasonable 
assumptions about baryon contribution and energy re- 
leased in the decay of quantum excitations |42| . 
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